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ABSTRACT 
The fundamental objective of this paper is to make qualified assessment of the validity of the IMO 
manoeuvring criteria ‘Resolution MSC.137(76)’, when applied to pod-driven ships.  The performance 
limits given by the criteria provide an adequate benchmark to compare all ships, regardless of 
propulsion type.  However, the application of specific helm angle is less well defined as azimuthing 
pod drives, like any vectoring thrusters, can be turned to any helm angle; with no specific definition for 
the angle of maximum force.  To address this problem, new methods for modelling the hydrodynamic 
reaction for both the ship hull and pod drive are identified.  Then, a dedicated numerical tool is 
developed and simulation study conducted exploring systematic variation of applied helm angles with 
comparison of time- and frequency-domain responses.  The study reaches the definitive conclusion that, 
the criteria provides equivalent information about the manoeuvring response of pod-driven ships as for 
conventionally propelled ships; and can thus be applied directly. 
 
BACKGROUND 
The following section describes in brief and makes 
critical assessment of the requirements for ship 
manoeuvring performance, defined through the use of 
specific criterion as specified by the International 
Maritime Organisation – Interim standards for ship 
manoeuvrability; for full text readers are referred to 
IMO (2002).  The standards should be applied to all 
ships of all rudder and propulsion types, of 100 meters 
in length and over, and chemical tankers and gas 
carriers regardless of length.  The standard manoeuvres 
should be performed without the use of any 
manoeuvring aids which are not continuously and 
readily available in normal operation. 
Turning Circle Criterion 
Current literature would indicate that the turning circle 
parameters are easily obtainable with existing pod-
driven ships.  In fact, Kurimo (1998) suggests that the 
traditionally defined parameters become so small that a 
more relevant description of the resulting turn could be 
based on a ‘Sweep-area’.  However, there is really no 
question of the applicability of the Advance and Tactical 
Diameter requirements.  After all, these limits clearly 
define a benchmark operational envelope for any ship 
type; irrespective of how the control force is applied. 
What is perhaps less clear is the specific application of 
helm angle for an azimuthing pod drive.  A 
conventional rudder will provide a control force up to a 
certain angle of attack; beyond this angle flow 
separation occurs.  The application of the 35
o
 helm 
angle for the turning manoeuvre assumes that the 
maximum control force available is when the helm is 
hard across.  However, an azimuthing pod drive can be 
rotated to any angle creating a greater or lesser degree 
of control force; 35
o
 therefore has little meaning when 
you have 360
o
 to choose from.  In fact, the complex 
hydrodynamic interaction between the propeller and the 
pod-body would suggest that the control force is a 
function of many parameters including ship speed, yaw 
rate, propeller rpm and the helm angle.  In the event of 
an emergency it is not immediately clear, for the pilot of 
a pod-driven ship, which helm angle would produce the 
fastest manoeuvring response. 
Initial Turning Criterion 
The Initial Turning manoeuvre is essentially a measure 
of the transient state response to a specific helm input.  
A certain level of directional course-stability is 
necessary for the safe and practical operation of a ship, 
however excessive course-stability or ‘super stability’ 
will result in a ship that is difficult to turn.  The Initial 
Turning manoeuvre is also significantly influenced by 
the time-domain response of the steering gear.  
Generally speaking, the mass of an azimuthing pod 
drive is about six times larger than the corresponding 
rudder – making the slewing acceleration far more 
influential.  Also, as with the turning manoeuvre, the 
definition of helm angle is less clear.  The specified 10
o
 
applied helm angle amounts to about 25~30% of the 
total control force afforded by a typical rudder.  In 
comparison, it is not entirely clear if a 10
o
 applied helm 
angle amounts to a greater or lesser proportion of the 
control force developed by an azimuthing pod drive. 
Yaw Checking Criterion 
The zig-zag or Kempf manoeuvre, first proposed by 
Kempf (1932) to enable testing within the confines of a 
towing tank, gives some measure of the transient 
response of the ship.  Nomoto et al. (1957) shows how 
the equations of motion can be re-arranged from two 
first-order simultaneous equations in two variables, into 
two second-order simultaneous equations in one 
variable.  The result gives equations in a Time and Gain 
constant format and allows useful experiment when 
measuring only the yaw rate – yaw rate being far easier 
to measure than sway acceleration.  Using the Time and 
Gain constant format, Clarke (1992) demonstrates how 
the response of the ship is described by the Phase and 
Gain of the closed loop system.  This however was 
considered too complicated a concept for regular 
application, and the zig-zag manoeuvre was adopted as 
a close approximation.  Later, Clarke and Yap (2001) go 
on to demonstrate, using criteria maps, that the standard 
zig-zag manoeuvres provides a good approximation of 
the Phase-margin for the closed loop system; thus 
vindicating the initial approximation.  As with the other 
tests, it is not entirely clear how appropriate the 
specified 10
o
 or 20
o
 applied helm angle requirement is 
for an azimuthing pod drive.  Further, though the 
overshoot criteria have been demonstrated to make a 
good approximation of the closed loop Phase-margin for 
conventionally propelled ships, no such validation yet 
exists for the case of a pod-driven ship. 
Stopping Criterion 
While it is still perfectly satisfactory to reverse the shaft 
rotation on an azimuthing pod drive, we are now 
presented with other options for stopping that may be 
more effective or less demanding on the propeller.  
Clearly, the first variation would be to turn the pod 
around without reducing rpm.  While running the 
propeller in a highly overloaded condition it would at 
least be operating in the correct sense of rotation.  
Boushkovsky et al. (2003) reports that this manoeuvre 
may cause dangerously high blade stresses and claims 
that a 60% reduction in MCR can ensure safe propeller 
operation.  A further option would be to imitate the tug 
operation known as ‘the indirect mode’.  For example, 
both pods could be turned in opposite directions to say, 
30
o
 helm, using the generated lift as a breaking force; 
described by Woodward et al. (2005).  Finally, a 
stopping manoeuvre involving a tight turn could be 
implemented, as described by Kurimo (1998), which 
would stop the ship with far less head reach but much 
increased deviation. 
Objectives 
This paper summarises the main findings of a Ph.D. 
thesis investigating the control and response of pod-
driven ships; Woodward (2005).  Also, much of this 
work was conducted in collaboration with two large 
scale European Community funded (Framework 
Program 5) research and technical development projects 
(OPTIPOD 2000, FASTPOD 2001); investigating the 
performance of pod driven ships. 
It is not the specific claim of this study that is can make 
very accurate performance prediction; dealing as it does 
with only principal dimensions and coefficients as input. 
Nor does this study make any judgment on the validity 
of the IMO manoeuvring criteria as an effective 
measure of the manoeuvring performance of ships.  
Specifically, the objective of this study is to establish if 
the recommended manoeuvres, when applied to pod-
driven ships, ask the same questions about manoeuvring 
performance and if so give equivalent answers. 
By considering the sensitivity of the manoeuvring 
criteria parameters to the principal dimensions and 
coefficients and to the control inputs, the study makes 
assessment of the equivalents of the IMO manoeuvring 
criteria; when applied directly to pod-driven ships. First, 
methods are identified for estimating the hull-form 
derivatives; suited to the hull-forms typical of pod-
driven ships.  Next, a numerical description of the pod is 
given, taking into account the effects of propeller 
inclination and the subsequent flow over the pod-body.  
A description of the developed algorithm for time-
domain numerical simulation is provided; delineating 
the contributing factors.  Next, the simulation algorithm 
is validated by comparison with free-running model 
tests for three different pod-driven ships.  Finally, using 
the validated simulation tool, a parametric analysis is 
made examining the characteristic performance of pod-
driven ships when executing the required manoeuvres – 
and definitive conclusions are drawn. 
HYDRODYNAMIC MODELING 
Generally speaking, there are three fundamental 
differences between the hydrodynamic interaction for 
conventional and pod-driven ships.  First, the hull-form 
may be significantly modified.  Second, the propeller 
can be placed at an angle of attack.  Third, the pod-body 
is heavily influenced by the modified propeller wake.  
The following section describes how each of these 
issues is accounted for in the numerical simulation 
model. 
Hull-form 
In practice, the introduction of azimuthing pod drives 
requires a significant modification to the stern region of 
the ships hull.  To make room for the azimuthing 
capabilities, the hull must become more “prammed” and 
consequently broader at the stern to maintain buoyancy.  
With conventional hull-forms, the central skeg or 
deadwood acts in many ways like the tail fin on an 
aircraft; serving as a stabilising influence on the overall 
system.  However, the more prammed stern-form, 
common to pod-driven ships, may have much of this 
skeg removed.  Similar prammed stern-forms have been 
experimented with in the past, for various reasons, and 
are well known to present a tendency for low course 
stability. 
At the preliminary design stage it is common practice to 
use semi-empirical equations to predict the 
manoeuvring derivatives for the ships hull-form.  
Woodward et al. (2003) presents semi-empirical 
equations specifically derived to account for the 
prammed stern-form, common to pod-driven ships.  
These equations were obtained by regression analysis 
from a compiled database of some 70 model-tests 
results. These equation are used here as input for the 
numerical simulation and to implement parametric 
variation of the hull-form.  Specifically, the velocity 
derivatives are obtained from: 
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The acceleration derivatives are obtained from: 
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Equations 1~8 were validated [reported in Woodward et 
al. (2003)] using the three ship designs described in 
Table 1 (which were not members of the original data 
set) and demonstrated very good comparison with 
captive model test results.  It is considered unrealistic to 
make any useful prediction of higher-order terms using 
only principal dimensions and coefficients – thus none 
are included in this study. 
Propeller 
Perhaps the most obvious difference between an 
azimuthing pod drive and a conventional arrangement is 
that the propeller can now be placed at an angle of 
attack to the flow.  The most predominant effect being 
that an individual propeller blade will now accelerate 
toward and away from the flow within one rotational 
cycle.  To account for the relative inflow velocity 
Woodward et al. (2005) demonstrates that the relative 
advance angle is obtained as a function of blade position 
by 
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in terms for an effective advance velocity; re-derived in 
a similar form to those proposed by van Lammeren et. 
al. (1969).  Using a Fourier fit to represent this four 
quadrant relative advance angle curve, the thrust 
coefficient in terms of blade position is given by 
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and the torque coefficient in terms of blade position is 
given by 
( ) ( ) ( )[ ]{
( ) ( )[ ]}ub
ubu
KKB
KKAC
Q
Q
m
K
Q
sin
cos
0
+=
å
=
*
.               (11) 
Then using these definitions, the thrust for any blade 
position is given by 
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and the torque for any blade position is given by 
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The total thrust, torque and propeller side force are 
obtained from integrating in terms of blade position by 
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respectively. 
Further, Woodward et al. (2005) demonstrates that the 
total change in force due to phase shift must, by 
definition, be zero but that the added-mass effects will 
contribute.  Terms are given to approximate the 
propeller blade added-mass coefficients.  The relative 
advance velocity is given by 
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and acceleration by 
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The total change in thrust due to the added-mass effects 
are given by 
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v
VR
fafa sincoscossin 2211 -
¶
¶
=DT ,            (19) 
and the total change in torque due to the added-mass 
effects are given by 
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where A11 and A22 represent the added-mass coefficients 
on the propeller blade face and leading edge 
respectively. 
Using the above defined terms the total horizontal plane 
forces acting on the propeller are obtained as a function 
of the flow speed, the flow inclination angle and the 
propeller shaft rate. 
Pod-body 
The lift and drag characteristics of the nacelle and strut 
in combination are obtained according to Woodward et 
al. (2005).  The model assumes a conventional lift curve 
slope in terms of effective aspect ratio given by 
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In addition, a method is given for approximating the 
effective aspect ratio in terms of the strut chord and 
span, the body radius, the ratio between the strut and 
body horizontal projected area (shown in Fig. 1) and the 
double body effect; given by 
÷
÷
ø
ö
ç
ç
è
æ
-+= PP
PP
P r
A
A
r
cc
sk
2
11
s ;                                      (22) 
Strut area, A1
Nacelle area, A2
 
Fig. 1  Ratio of nacelle and strut horizontal area  
 
The lift curve slope is used only for the first and last 20
o
 
of a half rotation of the pod; the interim period 
assuming only cross-flow-drag of the form 
EDC dsin .  
To obtain a continuous function, a Fourier series 
transform is fitted to the ‘piece-part’ curve giving the 
lift coefficient curve 
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coefficient terms 
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The effective velocity at the pod-body is obtained as a 
function of the inflow angle and the down-wash effect, 
by 
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The velocity of the flow is obtained in terms of the axial 
flow factor a, given by 
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In terms of the race contraction factor KM (here assumed 
to be unity), and the total mean force coefficient *TSC , 
given by 
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The axial flow angle v , is found in terms of the 
propeller mean thrust and side force by 
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and combined as shown in Fig. 2.  Then, the total mean 
lift force is given by 
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*
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in terms of the effective area and the lift coefficient 
curve.  Also, the profile drag force is given by 
( )PODFPSP kCsVD += 1
2
2
1
r
,                                    (30) 
in terms of the pod surface area and the ITTC (1957) 
frictional drag coefficient.  The effect of form-drag is 
accounted for by a 12% pod form-factor, kPOD.  In fact, 
pod form-drag is proving to be a complex problem 
requiring further investigation however, the total effect 
of form-drag on this analysis is small; thus the 
approximation is considered satisfactory. 
This model assumes superposition of the steady flow 
and the propeller wake.  The direction of the propeller 
wake is approximated by assuming that it is in the 
opposite direction to the total horizontal forces 
produced by the propeller.  Equations 9~30 were 
validated [reported in Woodward et al. (2005)] using 
the pod models from the Ropax design [described later 
in this text]; demonstrating very good comparison with 
specialised captive model test results. 
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Fig. 2  Flow velocity at pod-body 
NUMERICAL SIMULATION 
The nature of the ship system is highly time-dependant.  
The loads on the pod are dependant on the ship velocity 
and the propeller rate of rotation.  In turn, the ship 
velocity and propeller rate are dependant on the forces 
generated by the pods.  The way these interdependent 
relationships develop with time and through specific 
manoeuvres can not be predicted from the steady state 
analysis.  Nevertheless, numerical solution to 
differential equations can be readily obtained and 
provide much insight into the true nature of time-
dependant response. 
Algorithm Development 
The study of time-domain simulation, to assess the 
manoeuvring performance of ship, is by no means a new 
idea.  Generally speaking, the force derivatives are 
obtained from model testing and combined in a piece-
part manner to obtain the overall response.  Oltmann 
and Sharma (1984) provide a through account of a 
simulation methodology for conventionally propelled 
ships using force coefficients.  Also, Ankudinov et al. 
(1993) provides account of a simulation methodology 
for conventionally propelled ships using approximation 
formula for the force coefficients. 
After reviewing the options, the LabVIEW software was 
identified as the most suitable for the chosen application.  
And, for practicality, it was decided to modularise the 
work.  That is, instead of creating one complete 
program, a suite of pod-driven ship simulation tools was 
developed as ‘plug-and-play’ sub-routines.  In this way 
no decision had to be taken as to the future of the 
software or of pod-driven ship configurations.  For 
example, if future applications need more pods or 
combinations of pods and other propulsion systems, the 
developed tools can then be assembled in the desired 
fashion.  To this end, a time-domain simulation routine 
was developed and is designed to act as an operating 
environment for the derived sub-routines.  The 
numerical methodology used for integration is the 
fourth-order Runge-Kutta method for differential 
equations; as described by Farlow (1994). 
Ship dynamics 
The horizontal plane lateral and rotational accelerations 
are calculated in terms of the lateral and rotational 
velocities.  For the surge acceleration, the hull-form 
surge velocity derivatives are obtained from the 
coefficients of a least square fit of the resistance curve; 
itself obtained in terms of the hull-form principle 
dimensions and coefficients according to Holtrop and 
Mennen (1978).  The surge acceleration is then obtained 
in terms of the surge velocity derivatives, the sum of the 
pod surge contributions and in terms of the 
approximated hull-form mass and added mass, by 
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Where the surge added-mass is approximated by 
Bu CmmX 228.011.0 -=& ;                                         (32) 
according to Oltmann [2003]. 
Similarly, the sway acceleration is obtained in terms of 
the hull-form derivatives (described in the ‘Hull-form’ 
section above) and the sum of the pod sway force 
contributions, by 
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Likewise, the yaw acceleration is obtained in terms of 
the hull-form derivatives (described in the ‘Hull-form’ 
section above) and the sum of the pod yaw moment 
contributions, by 
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The solutions for u, v and r, are obtained numerically 
using the fourth-order Runge-Kutta method for 
differential equations.  Also, when it is necessary to 
know the position of the ship with respect to the global 
axis system, the horizontal displacement is obtained by 
direct integration. 
Pod dynamics 
To estimate the total forces acting on the pod the local 
velocities and accelerations are found in terms of the 
ship horizontal plane motions, the pod slew rate and the 
propeller shaft rate.  Based on the ships horizontal plane 
motion and the pods location, and taking into account 
the helm angle, the local flow velocity is obtained.  
Then, based on the obtained effective angle of attack 
and the shaft rate, the propeller thrust, torque and side 
force are calculated.  Next, taking into account the 
global and propeller induced velocities the effective 
angle of attack at the pod-body is estimated and from 
that the lift force due to the pod-body. 
In the next step the propeller shaft rotational 
acceleration is obtained in terms of the mechanical 
efficiency (assumed to be 95%), the developed motor 
torque, itself a function of shaft rate, and control input 
by 
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The experienced torque is obtained as a function of 
shaft rate and the system moment of inertia; 
approximated from the geometry of the full-scale motor 
including the motor, the shaft and the propeller 
contribution.  Again, the solution for u& , is obtained 
numerically using the fourth-order Runge-Kutta method 
for differential equations. The braking effect of the 
electric motor, defining the developed torque, is given 
by 
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including a control input (between -1 and 1) and a non-
dimensional shaft rate forming a linear surface, with 
coefficient terms dQ and eQ defining the surface 
gradients – the coefficient terms are selected to suit the 
performance characteristics of the motors in use. 
In the next step, the stock shaft rotation acceleration is 
obtained in terms of the slewing mechanical efficiency 
(assumed to be 95%); the applied slewing torque; the 
slewing rate; the pod-body lift force and its lever about 
the slewing stock; the propeller side force and its lever 
about the slewing stock; the pod mass moment of 
inertia; given by 
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Both the pod damping coefficient, given by 
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and the added-mass moment of inertia, given by 
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are approximated for the form of a flat plate with the 
same span, and chord, as the pod-body; in accordance 
with Jones [1946].  The solution for Pd
& , is obtained 
numerically using the fourth-order Runge-Kutta method 
for differential equations and Pd  by direct integration.  
For the response analysis it is sufficient that the slewing 
motor torque is selected so as to provide the same 
slewing rate as in the model tests.  The specific value of 
torque is however highly sensitive to the lever terms and 
the output is vital for the structural design; investigated 
in more detail by Woodward et. al. (2005a).  Also, the 
added-mass associated with the pod accelerating 
sideways due to ship yawing or swaying is accounted 
for by 
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where HC  is the section added-mass; given in Fig. 3 
according to Clarke [1976]. Then, by fitting a 
polynomial to the curve given in Fig. 2 and assuming 
that the cross-section is constant along the length of the 
pod-body, we obtain the total pod sway added-mass in 
terms of the pod-body span, chord, and the nacelle 
radius, from 
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For the above calculations the mass moments of inertia 
are approximated about the slewing stock by 
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and about the propeller shaft by 
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The shaft inertia is assumed to be the sum of the motor, 
the propeller shaft and the propeller contributions and in 
all cases the pod density is approximated at 6000 kg/m
3
. 
Finally, the slewing control of the pod is executed using 
a simple PID controller; assuming the conventional 
transfer function given by 
( ) sK
s
K
KsGc 3
2
1 ++= ,                                             (44) 
in terms of the Laplace operator s, and the three 
coefficients; proportional gain, integral gain, derivative 
gain – selected to suit each ship type. 
In order to complement the algorithm development a 
simple flowchart is provided in Appendix 1; 
demonstrating the simulation process and implementing 
the above formulations. 
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Fig. 3  Pod added-mass in sway 
VALIDATION OF SIMULATION MODEL 
To validate the simulation tools, predicted results are 
compared to the results of free-running model tests.  
Three representative ship types are selected as typical of 
current pod-driven ship designs: a Cargo ship; a Ropax; 
a Cruise ship.  
The Cargo ship is propelled by a single puller-type pod 
and the Ropax and Cruise ship by twin puller-type pods; 
general particulars of the three ships are given in Table 
1 and each body plan is given in Fig.4 ~ Fig. 6 
respectively. 
Table 1  Ship particulars 
Parameter Cargo Ropax Cruise 
l (-) 27.5 23.0 25.1 
L (m) 155.0 194.0 274.1 
B (m) 27.0 28.4 32.2 
D (m) 8.5 6.6 8.0 
CB (-) 0.765 0.613 0.646 
sa (-) 0.240 0.199 0.200 
D (m) 4.95 5.30 5.75 
P/D (-) 0.791 1.389 1.005 
AE/A0 (-) 0.600 0.758 0.753 
z (-) 4 4 4 
AP (m
2
) 17.80 23.30 39.80 
cP (m) 4.01 6.20 6.00 
sP (m) 5.00 3.30 5.80 
rP (m) 1.30 1.32 1.71 
A1/A2 (-) 0.31 0.35 0.28 
k(-) 2 2 2 
Pods 1 x puller 2 x puller 2 x puller 
 
Free-running model tests for the Cargo ship were 
conducted at the Maritime Dynamics Laboratory by 
SSPA in Sweden; for the Ropax by CTO in the open 
test station, Lake Wdzydze, in Poland; for the Cruise 
ship by HSVA in Germany using the facility 
Computerised Planar Motion Carriage. 
 
Fig. 4  Cargo ship body plan 
 
Fig. 5  Ropax body plan 
 
Fig. 6  Cruise ship body plan 
Comparison between experiment and prediction 
For the Cargo ship model, a comparison of the 20/20 
zig-zag manoeuvre conducted at an equivalent ship 
speed of 15 knots is given in Fig. 7.  Though the 
magnitude of the first overshoot is underestimated, the 
general behaviour of the response is modelled well. 
A comparison of the ship’s speeds, while performing 
this 20/20 zig-zag manoeuvre is given in Fig. 8; the 
measured and simulated values compare very well. 
Next, Fig. 9 compares the unit-thrust force (x-axis in the 
ship fixed coordinate system) for the 20/20 zig-zag 
manoeuvre.  In general, the magnitude is well predicted 
and most notably, the peak loads associated with 
dynamic effect are modelled very well.  Likewise, Fig. 
10 compares the unit-control force (y-axis in the ship 
fixed coordinate system) for the 20/20 zig-zag 
manoeuvre.  And again, the magnitude is well predicted 
and most notably, the peak loads associated with 
dynamic effect are apparent. 
For the Ropax model, a comparison of the 10/10 zig-zag 
manoeuvre conducted at an equivalent ship speed of 28 
knots is given in Fig. 11; demonstrating excellent results.  
A comparison of the 20/20 zig-zag manoeuvre 
conducted at an equivalent ship speed of 28 knots is 
given in Fig. 12; also demonstrating excellent results. 
Figure 13 gives a comparison of the measured and 
estimated unit-control force during the application of a 
35
o
 helm angle.  Clearly, the force for the steady state 
turning motion is very well estimated.  Perhaps more 
interestingly, the behaviour associated with dynamic 
slewing is approximated well by the simulation model.  
The same type of result can be observed in Fig. 14; but 
this time for a 5/5 zig-zag manoeuvre.  The appearance 
of a spiked response for dynamic slewing is clearly 
apparent and is modelled well by the simulation. 
Comparison of the turning circle advance for various 
applied helm angles is given in Fig. 15; tested at 28 
knots equivalent.  In each case the maximum and 
minimum test results are shown together with the 
simulated predictions.  Some overestimate is apparent 
and more pronounced at smaller helm angles.  However, 
good comparison is observed for the general trend. 
Comparison of the turning circle tactical diameter for 
various applied helm angles is given in Fig. 16; tested at 
28 knots equivalent.  And again, good comparison can 
be observed for the general trends though overestimate 
is apparent; and more pronounced at smaller helm 
angles. 
For the Cruise ship model, a comparison of the 10/10 
zig-zag manoeuvre conducted at an equivalent ship 
speed of 21.9 knots is given in Fig. 17.  The results 
show excellent comparison, presenting very similar 
overshoot values.  Finally, a comparison of the 10/10 
zig-zag manoeuvre conducted at an equivalent ship 
speed of 16 knots is given in Fig. 18 – again good 
results are observed. 
For clarity, comparisons of the overshoot-angles and 
switch-times for the test results and simulated values are 
given in Table 2. 
 
Table 2  Comparison of test result and simulated values for overshoot angles and switch times 
Ship Type Test Type 
Relative 
Speed 
First 
Overshoot 
(Test/Sim) 
Second 
Overshoot 
(Test/Sim) 
First     
Switch 
(Test/Sim) 
Second 
Switch 
(Test/Sim) 
Cruise 10/10 100% 6
o
/5
o
 7
o
/6
o 
7s/7s 25s/24s 
Cruise 10/10 73% 4
o
/3
o
 7
o
/4
o 
12s/9s 33s/32s 
Ropax 10/10 100% 4
o
/4
o
 6
o
/4
o 
3s/4s 12s/13s 
Ropax 20/20 100% 9
o
/10
o
 7
o
/8
o 
3s/3s 14s/12s 
Cargo 20/20 100% 21
o
/15
o 
25
o
/24
o 
30s/33s 117s/126s 
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Fig. 7  Cargo ship zig-zag test; Heading 
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Fig. 8  Cargo ship zig-zag test; Speed 
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Fig. 9  Cargo ship zig-zag test; Unit-thrust force 
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Fig. 10  Cargo ship zig-zag test; Unit-control force 
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Fig. 11  Ropax 10/10 zig-zag test; Heading 
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Fig. 12  Ropax 20/20 zig-zag test; Heading 
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Fig. 13  Ropax Turning Circle; Control force 
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Fig. 14  Ropax Zig-zag; Control force 
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Fig. 15  Ropax Turning Circle; Advance 
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Fig. 16  Ropax Turning Circle; Tactical diameter 
 
-20
-15
-10
-5
0
5
10
15
20
0 10 20 30 40
time, t  (s)
 H
e
a
d
in
g
 a
n
g
le
, 
 y
 (
d
e
g
) 
.
H
e
lm
 a
n
g
le
, 
  -
 d
 p
 (
d
e
g
)
Model test Simulation
dp
y
 
Fig. 17  Cruise zig-zag @ 22 kn; Heading 
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Fig. 18  Cruise zig-zag @ 16 kn; Heading 
PARAMETRIC EVALUATION OF CRITERIA 
The sea can be a very unforgiving environment and the 
evolution of sea transport has not been without cost.  
From around the 1850’s the first treaties were made by 
the international community to improve the safety of 
persons and property in the marine environment.  The 
most significant advancement came with the formation 
of the United Nations (UN) with, in 1948, the formation 
of the IMCO; entering into force in 1958 (renamed IMO 
in 1982).  The main purpose of the International 
Maritime Organisation (IMO) is to facilitate cooperation 
between governments to encourage the highest 
practicable standards in matters concerning maritime 
safety, efficiency of navigation and prevention and 
control of marine pollution from ships. 
The interim standards for ship manoeuvrability were 
first introduced in 1993 in an attempt to improve 
maritime safety and enhance marine environmental 
protection.  The aim of the standards is to improve ship 
performance with the objective of avoiding the building 
of ships that do not comply with the criteria.  The 
objective of the work herein is to make qualified 
assessment of the validity of the IMO manoeuvring 
criteria ‘Resolution MSC.137(76)’, when applied to 
pod-driven ships. 
Turning Circle Criterion 
To evaluate the turning behaviour of pod-driven ships, 
manoeuvring simulations are made with the three ships 
described above.  There is little reason to question the 
suitability of the 4.5 ship length advance or the 5 ship 
length tactical diameter criteria.  After all, these provide 
a perfectly good benchmark with which to measure the 
performance of all ships; regardless of propulsion type.  
However, the application of specific helm angle is much 
less clear – it may be necessary to use different helm 
angles or even a completely different approach. 
The advance for a range of applied helm angles is given, 
for each ship, in Fig. 19.  The curves for both the Ropax 
and the Cruise ship demonstrate the intuitive 
relationship.  That is to say that, larger applied helm 
angle result in smaller advance values.  Also, it is 
observed that the relationship is much more pronounced 
below applied helm angles of about 20
o
.  In the region 
above 20
o
 both the Ropax and the Cruise ship 
demonstrate a lesser but approximately linear decrease 
in advance for increased applied helm angle. 
Perhaps somewhat less intuitive, the advance of the 
Cargo ship, demonstrates a more complicated behaviour.  
The region to the left of 20
o
 applied helm angle still 
demonstrates the expected tendency.  However, in the 
region to the right of 20
o
, an increase in the advance is 
observed before again reducing.  This is somewhat 
easier to interpret when taking into account the fact that 
the Cargo ships forward speed was completely lost for 
tests using helm angles in excess of 20
o
; see Fig 20.  In 
fact, at higher applied helm angles the ship rapidly loses 
forward motion and the majority of the manoeuvre 
consists of purely sway and yaw motion. 
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Fig. 19  Turning circle test; Advance 
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Fig. 20  Speed loss in turn; 35 deg helm 
 
Next, the tactical diameter for a range of applied helm 
angles is given, for each ship, in Fig. 21.  It is observed 
that all three ships demonstrate the expected 
relationship; having a reduction in advance for 
increased applied helm angle.  Again, the region to the 
left of 20
o
 applied helm angle shows a stronger 
dependency.  And again, the region to the right of the 
20
o
 applied helm angle demonstrated a lesser and more 
linear dependency.  It is further observed that all three 
ships comply to both the advance and the tactical 
diameter criteria when a 35o helm angle is applied. 
Overall, the observed turning behaviour presents no 
unexpected characteristics; showing a progressive 
reduction in the turning parameters for increased helm 
angle.  In all cases the 35
o
 applied helm angle gives a 
perfectly adequate benchmark for evaluating 
performance. 
02
4
6
8
10
12
14
16
0 10 20 30 40 50
Applied helm angle, d p  (deg)
T
ac
ti
ca
l 
d
ia
m
et
er
, 
 Y
1
8
0
/L
 (
S
h
ip
 l
en
g
th
s)
  .
Cargo ship
Ropax
Cruise ship
 
Fig. 21  Turning circle test; Tactical diameter 
 
Initial Turning Criterion 
To evaluate the initial turning behaviour of pod-driven 
ships, manoeuvring simulations are made with the three 
ships described above.  As with the turning tests, there 
is little reason to question the suitability of the criteria 
of 2.5 ship length within 10
o
 heading change.  As before, 
this provides a perfectly good benchmark with which to 
measure the performance.  But again, the application of 
specific helm angle is much less clear. 
Figure 22 gives the initial turning in ship lengths against 
various applied helm angles for the Cargo ship.  Further, 
the plot gives comparison of different pod slewing rates.  
The general trend of the curves is as expected; showing 
a reduction in initial turning distance with increased 
applied helm angle.  On examination, it is clear that the 
region to the left of 10
o
 applied helm angle has a much 
more pronounced relationship.  Conversely, the region 
to the right demonstrates only small changes in the 
initial turning distance for increased applied helm angle.  
However, when increasing the applied helm angle much 
above 10
o
, the effect of slew rate becomes fare more 
influential. 
Figures 23 and 24 give the initial turning in ship lengths 
against various applied helm angles for the Ropax and 
Cruise ship respectively.  Again, the plots give 
comparison of different pod slewing rates.  And as with 
the Cargo ship, both plots demonstrate the same 
characteristics.  The region to the left of 10
o
 has most 
dependants on the applied helm angle; the region to the 
right of the 10
o
 applied helm angle has most dependants 
on the slew rate. 
In all three cases the ships meet the initial turning ability 
criterion with the recommended 10
o
 applied helm angle.  
And, in all three cases, the 10
o
 applied helm angle give a 
good approximation of the mid-point between the two 
contributing influences (applied helm angle and pod 
slew rate).  Overall, the behaviour presents no undue 
characteristics and in all cases the 10
o
 applied helm 
angle gives a perfectly adequate benchmark for 
evaluating performance. 
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Fig. 22  Initial turning test for the Cargo ship design 
 
0
1
2
3
4
5
6
0 5 10 15 20 25
Applied helm angle, dP  (deg)
In
it
ia
l 
tu
rn
in
g
, 
  
 x
0
1
0
 /
 L
 (
S
h
ip
 l
e
n
g
th
s)
  
  .
1 (deg/s)
3 (deg/s)
5 (deg/s)
Pod slew rate
 
Fig. 23  Initial turning test for the Ropax design 
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Fig. 24  Initial turning test for the Cruise ship design 
Yaw Checking Criterion 
To better understand the yaw-checking criterion for 
pod-driven ships, criteria maps are developed as 
described by Clarke and Yap (2001).  These criteria 
maps present some interesting non-linear behaviour that 
is as yet not fully explored.  Nevertheless, they are ideal 
in this situation for making comparison between 
frequency- and time-domain behaviour.  The simulation 
tool is used to calculate the criteria parameters together 
with a range of open-loop phase angles in an attempt to 
draw comparison between the two.  Clarke (1992) 
argues that the helmsman should be capable of 
introducing some 20
o
 of Phase and 12dB of Gain.  
Further, Nobukawa et al. (1990) argues that, even if the 
helmsman were receiving verbal commands from a pilot, 
it would still be possible to introduce some 5
o
 of Phase 
and 12dB of Gain.  Using the latter as guideline we 
would expect to observe the IMO criteria preventing the 
design of ships with less than -5
o
 Phase. 
The criteria map for the Cargo ship is given in Fig. 25.  
The vertical axis describes a proportional change in the 
control derivative which is introduced by adjusting the 
pod-body lateral area.  The horizontal axis describes a 
proportional change in the hull-form derivative which is 
achieved by introducing a fictitious fin at the stern of 
the ship.  The centre of the plot marks the performance 
point of the current design condition.  All criteria limits 
are indicated by the darker lines (as marked) with the 
regions that fall outside the limits shaded in grey.  Also, 
lines of constant Phase-margin are given; with 
magnitude as marked.  The results show that the Cargo 
ship fails on both the 1
st
 20/20 and the 2
nd
 10/10 zig-zag 
criteria.  It is apparent from the map that some 10% 
increase in the hull-form derivative is necessary to bring 
the design into the feasible region.  What is perhaps of 
far more interest is the relationship between the lines of 
constant overshoot and the lines of constant Phase-
margin.  Both sets of lines can be seen to follow very 
similar contours, with the 1
st
 20/20 line and the 2
nd
 
10/10 between the 0
o
 and -5
o
 Phase-margin lines. 
The criteria map for the Ropax is given in Fig. 26; 
where the presentation is as described above.  The 
design map indicates that the Ropax has favourable 
manoeuvring performance characteristic; with the 
design point situated well within the feasible region.  
Again, what is of far more interest is the relationship 
between the lines of constant overshoot and the lines of 
constant Phase-margin.  To the left of the figure the line 
of constant 1
st
 20/20 limits the design; and is virtually 
concurrent with the line of constant -5
o
 Phase-margin.  
To the right of the figure the line of constant 2
nd
 10/10 
overshoot is the limiting factor; and is situated between 
0
o
 and -5
o
 Phase-margin. 
The criteria map for the Cruise ship is given in Fig. 27; 
where again the presentation is as described above.  The 
design map indicates that the Cruise ship has favourable 
manoeuvring performance characteristic; with the 
design point situated well within the feasible region.  On 
investigation it is clear that the line of constant 1
st
 20/20  
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Fig. 25  Criteria-map for the Cargo ship design  
-0.5
-0.4
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
0.4
0.5
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
Phase Margin
??
?
??
? ?? ?? ??? ???
?
???
?
In
iti
al
 T
ur
n
Ad
van
ce
Tact
ical 
Diam
eter
2
n
d
1
0
/1
0
1
st
2
0
/2
0
1
st
1
0
/1
0
D
Y
’ d
 
/ 
Y
’ d
 
 
 
.
DY’v / Y’v .  
Fig. 26  Criteria-map for the Ropax design 
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Fig. 27  Criteria-map for the Cruise ship design 
limits the design and is situated between the lines of 5
o
 
and -5
o
 Phase-margin. 
Stopping Criterion 
The criterion for ship stopping requires that a fully 
loaded ship in deep water, put full-astern from test 
speed, should achieve a track reach not exceeding 15 
ship lengths.  The criterion has also a provision for large 
displacement ships unable to comply where the value 
may be modified at the discretion of the Administration; 
but in no case should exceed 20 ship lengths. 
To examine the effect on stopping behaviour a study 
was made using the Ropax as basis; reported in 
Woodward et al. (2005).  For comparison, four stopping 
manoeuvres are chosen for simulation.  In all cases the 
initial condition is at test speed (28.4 knots), on a 
straight heading and with a zero helm angle.  And in all 
cases, the stopping distance is taken as the track 
distance covered until dead stop is achieved.  First, a 
conventional stopping manoeuvre (CSM) is performed 
by ordering full-astern.  Second, a 180
o
 slew stopping 
manoeuvre (SSM1) is performed by ordering the helm 
to 180
o
, turning the pods outwards in opposite directions.  
Third, a 180
o
 slew stopping manoeuvre (SSM2) is 
performed by ordering the helm to 180
o
, turning the 
pods outwards in opposite directions, while 
simultaneously ordering a 40% reduction in delivered 
shaft torque.  Fourth, an indirect stopping manoeuvre 
(ISM) is performed by ordering the helm to 60
o
, turning 
the pods outwards in opposite directions, while 
simultaneously ordering full-astern – when the ship 
speed has reduced by 80%, ordering the helm back to 0
o
. 
Table 3 compares the stopping distances and times for 
the described stopping manoeuvres.  It is clear that the 
proposed alternative stopping manoeuvres can stop the 
ship sooner; and perhaps with more control.  However, 
it is also apparent that the conventional method of 
stopping is still perfectly applicable and directly 
equivalent to conventionally propelled ships. 
 
Table 3  Comparison of stopping manoeuvres 
 
Stopping distance 
(Ship lengths) 
Stopping time 
(sec) 
CSM 11.97 303 
SSM1 6.66 201 
SSM2 9.05 299 
ISM 5.81 182 
 
CONCLUDING REMARKS 
The turning ability criteria are evaluated using 
systematic simulation of manoeuvres.  For each of the 
three ships the advance and tactical diameter criteria are 
investigated for a range of applied helm angles.  In each 
case it is clear that the turning parameters reduce with 
increased applied helm angle.  The advance of the 
Cargo ship shows some increase between the 20
o
 and 
35
o
 applied helm angle however, no specific risk of 
collision is relevant as all forward speed is lost.  In all 
cases the turning parameters increase rapidly with 
reduced applied helm angle.  And in all cases, there is 
little to be gained for applied helm angle above 35
o
. All 
test results indicate that a 35
o
 applied helm angle is 
entirely appropriate for testing the turning ability of 
pod-driven ships. 
The initial turning ability criterion is evaluated using 
systematic simulation of manoeuvres.  For each of the 
three ships the initial turning for various applied helm 
angles and for different pod slewing rates is calculated.  
All cases demonstrate reduced advance for increased 
applied helm angle; showing a significantly more 
pronounced relationship for applied helm angles of less 
than 10
o
.  Also, all cases demonstrate increased 
variation with respect to slew rate for applied helm 
angles above 10
o
.  All test results indicate that a 10
o
 
applied helm angle is entirely appropriate for testing the 
initial turning ability of pod-driven ships. 
The yaw-checking criteria are evaluated using 
systematic simulation of manoeuvres.  IMO criteria-
maps are used to compare lines of constant criteria 
values with lines of constant Phase-margin.  In all cases 
it is observed that the lines of constant Phase-margin 
and the lines of constant IMO overshoot criteria follow 
very similar contours.  All test results indicate that the 
10/10 and 20/20 test criteria are entirely appropriate for 
testing the yaw-checking ability of pod-driven ships as 
they approximate well the -5
o
 Phase-margin. 
The stopping ability criterion is evaluated using 
systematic simulation of manoeuvres.  The stopping 
criterion is investigated together with other methods of 
stopping pod-driven ships.  The study finds that other 
options exist that can stop a pod-driven ship more 
efficiently and perhaps with less load on the propeller.  
The study finds that the conventional stopping method 
(reversal of rpm) is the least effective at stopping the 
ship.  Thus, it is appropriate as a benchmark to prevent 
the building of ships that do not meet the criterion.  
Therefore, the existing criterion is entirely appropriate 
for testing the stopping ability of pod-driven ships. 
Experimental test uncertainty was not calculated for the 
free-running model tests as the trends rather than 
specific values were being considered.  Nevertheless, all 
efforts were made to ensure that the tests were 
conducted in accordance with normal testing procedures.  
Scaling error can be a problem for this type of testing 
but such effects were avoided by simulating like-for-
like at the same scale.  The sensitivity of the results for 
the simulated values were investigated and reported in 
Woodward et. al. (2005a). 
CONCLUSION 
Based on the assumptions made and the ship types used 
within this study, it is concluded that: the IMO 
manoeuvring criteria, ‘Resolution MSC.137(76)’, 
provide equivalent information about the manoeuvring 
response of pod-driven ships as for conventionally 
propelled ships; and can thus be applied directly. 
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NOMENCLATURE 
a  Axial flow factor (-) 
1A  Pod strut horizontal projected area (m
2
) 
11A  Added-mass of propeller blade face (kg) 
2A  Pod body horizontal projected area (m
2
) 
22A  Added-mass of propeller blade edge (kg) 
( )KAQ  K
th
 cosine Fourier torque coefficient (-) 
( )KA
T
 Kth cosine Fourier thrust coefficient (-) 
( )KA
d
 Kth cosine Fourier lift coefficient (-) 
B Ship hull beam (m) 
( )KB
T
 Kth sine Fourier thrust coefficient (-) 
( )KBQ  K
th
 sine Fourier torque coefficient (-) 
( )KB
d
 Kth sine Fourier lift coefficient (-) 
cP Mean chord of pod strut (m) 
C Motor torque control coefficient (-) 
BC  Block coefficient (-) 
CF ITTC 1957 frictional drag coefficient (-) 
CH Pod sectional added-mass coefficient (-) 
LC  Lift force coefficient (-) 
( )ELC d
*  Four quadrant pod body lift curve coeff. (-) 
PaC  Prismatic coefficient for the aft-body (-) 
( )u
*
QC  Four quadrant torque coefficient (-) 
( )u
*
T
C  Four quadrant thrust coefficient (-) 
*
TSC  Mean propeller force coefficient (-) 
WaC  Water-plan coefficient for the aft-body (-)
 
dQ Coefficient of motor torque response (-) 
D Propeller diameter (m) 
DP Drag force associated with pod-body (N) 
eQ Coefficient of motor torque response (-) 
ZI  Moment of inertia about z-axis (Nm) 
u
I  Moment of inertia about propeller shaft (Nm) 
d
I  Moment of inertia about slewing stock (Nm) 
k Double body effect coefficient (-) 
kPOD Pod-body form factor (-) 
K Kth term in Fourier transform (-) 
KM Race contraction factor (-) 
K1 Coefficient of proportional gain (-) 
K2 Coefficient of derivative gain (-) 
K3 Coefficient of integral gain (-) 
lL Distance from centre of pressure in lift of pod-
body to slewing stock axis (m) 
lS Distance from propeller plane to slewing stock 
axis (m) 
L Ship hull length at water line (-) 
LP Lift force associated with pod-body (N) 
m Mass displacement of ship (kg) 
n Propeller shaft rate (deg/s) 
rN  Partial derivative of yaw moment with respect 
to yaw rate (-) 
rN &  Partial derivative of yaw moment with respect 
to yaw acceleration (-) 
vN  Partial derivative of yaw moment with respect 
to sway velocity (-) 
vN &  Partial derivative of yaw moment with respect 
to sway acceleration (-) 
P Propeller pitch (m) 
d
&P  Pod slewing damping coefficient (-) 
d
&&P   Pod slewing added-mass coefficient (-) 
vP&  Pod swaying added-mass coefficient (-) 
QD  Change in propeller shaft torque due to added-
mass effects (Nm) 
QM Developed motor torque (Nm) 
d
Q  Slewing stock torque (Nm) 
( )uQ  Torque in terms of propeller blade angular 
position (Nm) 
( )u
&Q  Torque in terms of propeller shaft rate (Nm) 
r Yaw rate (m/s) 
r&  Yaw acceleration (m/s2) 
rP Pod-body radius (m) 
s Laplace Operator (-) 
sP Pod-strut span (m) 
S Propeller side force (N) 
t Time (s) 
T Ship hull draft (m) 
u Surge velocity (m/s) 
u&  Surge acceleration (m/s2) 
oU  Ship design speed (m/s) 
EV  Effective inflow velocity (m/s) 
SV  Total flow velocity (m/s) 
v Sway velocity (m/s) 
v&  Sway acceleration (m/s2) 
Gx  Distance from amidships to centre of mass in 
body x-axis (m) 
010x  Advance distance for 10
o
 heading change (m) 
090x  Advance distance for 90
o
 heading change (m) 
PX  Unit-thrust force in ship fixed coordinate 
system (N) 
uX &  Partial derivative of surge force with respect 
surge acceleration (-) 
uuX  Partial derivative of surge force with respect to 
the second power of surge velocity (-) 
uuuuX  Partial derivative of surge force with respect to 
the fourth power of surge velocity (-) 
0180y  Transfer distance for 180
o
 heading change (m) 
PY  Unit-control force in ship fixed coordinate 
system (N) 
rY  Partial derivative of sway force with respect to 
yaw rate (-) 
rY&  Partial derivative of sway force with respect to 
yaw acceleration (-) 
vY  Partial derivative of sway force with respect of 
sway velocity (-) 
vY&  Partial derivative of sway force with respect 
sway acceleration (-) 
a  Propeller hydrodynamic pitch angle (deg) 
( )ub  Advance angle in terms of propeller blade 
angular position (deg) 
Ed  Effective inflow angle (deg) 
Pd  Pod helm slewing angle (deg) 
Pd
&  Pod helm slewing velocity (deg/s) 
Pd
&&  Pod helm slewing acceleration (deg/s
2
) 
f  Propeller blade geometric pitch angle (deg) 
g  Total flow angle (deg) 
Mh  Propeller shaft mechanical efficiency (-) 
d
h  Slewing stock mechanical efficiency (-) 
l  Ship/Model scaling factor (-) 
v  Axial flow factor angle (deg) 
r  Fluid density (kg/m
3
) 
Pr  Mean pod density (kg/m
3
) 
s  Effective aspect ratio of pod body (-) 
as  Aft body shape parameter (-) 
Pa
Wa
a
C
C
-
-
=
1
1
s
 
T  Total mean thrust (N) 
( )vT  Thrust in terms of propeller blade angular 
position (N) 
DT
 Change in thrust due to added-mass effects (N) 
u  Angular position of propeller shaft (deg) 
u
&  Propeller shaft rate (deg) 
u
&&  Propeller shaft acceleration (deg/s
2
) 
MAXu
&  Maximum propeller shaft rate (deg/s) 
y
 Ship heading (deg) 
V  Propeller blade number (-) 
Note: In all cases the prime notation indicates that the 
values are non-dimensional using dynamic pressure and 
ship length as basis. 
 
 
APPENDIX 1 
This appendix provides a flowchart of the pod-driven 
ship manoeuvring simulation algorithm. 
Input
data
PID controller
for propeller
shaft & stock
slewing torque
Calculate the
forces acting
on 1st pod
Calculate 1st
shaft & stock
rotational
acceleration
Set non-
dimensional
terms & initial
conditions
Calculate total
forces on ship
including pod
contributions
Calculate
total global
acceleration
of ship
Output global
velocities &
the shaft rates
& slew rates
Calculate the
forces acting
on 2nd pod
Calculate the
forces acting
on nth pod
Calculate 2nd
shaft & stock
rotational
acceleration
Calculate nth
shaft & stock
rotational
acceleration
.
.
.
.
.
.
Helm
command for
defined criteria
manoeuvres
Calculate ship
position & pod
helm angles by
direct integration
Stop
Is manoeuvre
complete ?
Runge-Kutta integration loop
NO
YES
 
